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The population structure and history of the cryptic malaria vector species, Anopheles punctulatus
(Doenitz), was investigated throughout Papua New Guinea and the Solomon Islands with the aim of
detailing genetic subdivisions and the potential for movement through this biogeographically complex
region. We obtained larval collections from over 80 sites and utilised a diverse array of molecular markers
that evolve through different processes. Individuals were initially identiﬁed to species and genotyped
using the ribosomal DNA second internal transcribed spacer. DNA sequencing of a single copy nuclear
ribosomal protein S9 and the mitochondrial cytochrome oxidase I loci were then investigated and 12
nuclear microsatellite markers were developed and analysed. Our data revealed three genetically distinct
populations – one in Papua New Guinea, the second on Buka Island (Bougainville Province, Papua New
Guinea), and the third on Guadalcanal Island (Solomon Islands). Genetic differentiation within Papua
New Guinea was much lower than that found in studies of other closely related species in the region.
The data does suggest that A. punctulatus has undergone a population bottleneck followed by a recent
population and range expansion in Papua New Guinea. Humans and regional economic growth may be
facilitating this population expansion, as A. punctulatus is able to rapidly occupy human modiﬁed
landscapes and traverse unsealed roads. We therefore anticipate extensive movement of this species
through New Guinea – particularly into the highlands, with a potential increase in malaria frequency
in a warming climate – as well as relatively unrestricted gene ﬂow of advantageous alleles that may
confound vector control efforts.
 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-ND license.1. Introduction
The malaria transmission zone in the Southwest Paciﬁc (SWP)
ranges from western Indonesia (Papua Province) through Papua
New Guinea (PNG) and the Solomon Islands to Vanuatu. While
northern Australia previously experienced regular outbreaks of
malaria, the disease was eliminated in 1962 (Black, 1972) –
although it still experiences sporadic outbreaks following reintro-
ductions of the parasites (Hanna et al., 2004). Malaria remains
the most important vector-borne disease in the region with wes-
tern Indonesia (Papua Province and West Papua), PNG and the Sol-
omon Islands enduring the highest malaria transmission ratesoutside Africa (Hay et al., 2009; Gething et al., 2012). PNG and
the Solomon Islands alone account for more that 50% of the
262,000 conﬁrmed malaria cases in the western Paciﬁc region re-
ported to the World Health Organisation in 2010 (WHO, 2011).
The major malaria vectors of the SWP belong to a closely related
species complex known as the Punctulatus Group comprising 13
co-occurring cryptic species that require molecular methods for
identiﬁcation (Foley and Bryan, 1993; Beebe et al., 1994, 1996;
Beebe and Saul, 1995). The development of these species diagnos-
tic tools permitted research on these vectors with studies on spe-
cies distribution, biology and ecology throughout mainland PNG
(Cooper et al., 2002; Benet et al., 2004), Solomon Islands (Beebe
et al., 2000a; Burkot et al., 2013), Bougainville (Cooper and Frances,
2002) and northern Australia (Cooper et al., 1996). From this work,
ﬁve Anopheles spp. were found to represent the principal malaria
vectors of the region (Anopheles farauti formally A. farauti 1, Anoph-
eles hinesorum (formally A. farauti 2), Anopheles farauti 4, Anopheles
koliensis and Anopheles punctulatus (Cooper et al., 2009). Population
genetic studies into two malaria vector species in this group – A.
farauti and A. hinesorum – show striking population sub-structur-
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cies in New Guinea and the SWP Islands, reﬂecting the complex
biogeography of the region (Ambrose et al., 2012).
The distribution of A. punctulatus extends east from the Weber
line through New Guinea, where it is commonly found in low-lying
river valleys and on the coast. Anopheles punctulatus extends into
the New Guinean highlands and east into the Solomon Islands
(Taylor, 1975a; Beebe and Cooper, 2002; Cooper et al., 2002). Bio-
logically, A. punctulatus is atypical compared with other species in
its group in that in PNG it is not attracted to CO2-baited mosquito
traps: collections are made through larval or human bait collec-
tions (Cooper et al., 2002). Larvae are commonly found in small,
transient, sun-lit water bodies with a paucity of aquatic ﬂora and
fauna. These types of ground pools are naturally found along the
margins of creeks and streams but the species will readily move
into sites rising from human environmental disturbance: wheel
tracks, foot prints, pig wallows and a myriad of temporary pools
associated with unsealed, poorly drained roads. The increase in
road networks connecting towns and villages in New Guinea, as
well as those associated with mining and logging activities, ap-
pears to have facilitated the spread and abundance of this species
(Beebe and Cooper, 2002; Cooper et al., 2002). Anopheles punctula-
tus is preadapted to these temporary sites by having eggs that are
resistant to desiccation for several days and have rapid and highly
synchronized larval development (Horsfall and Porter, 1946;
Charlwood et al., 1986). Anopheles punctulatus requires molecular
tools for identiﬁcation due to overlapping morphological charac-
ters with other species. However, an exception to this occurs in
the New Guinean highlands, where it is morphologically distin-
guishable from A. farauti 5 and 6 – the only two other species found
there (Beebe and Cooper, 2002). Initially documented in the high-
lands of New Guinea in the 1950s (Peters and Christian, 1960),
more recent studies suggest that this species may now be the dom-
inant malaria vector in the PNG highlands, overtaking the morpho-
species A. farauti (known now to be A. farauti 6) as the principal
vector (Peters and Christian, 1960; Mueller et al., 2002).
A previous phylogenetic study involving A. punctulatus (utilizing
themtDNA cytochrome oxidase II (COII)) indicated that it contained
a lower relative genetic diversity than either A. farauti or
A. hinesorum previously studied and had a potentially shorter his-
tory in the region (Foley et al., 1998). This study aims to investigateFig. 1. Map of collection localities for Anopheles punctulatus detailed in Table 1. Geograph
Guinea: Sepik Region (SR), Madang Province (MP), Lae Region (LR), Central Province (CP
Guadalcanal Island, Solomon Islands (GU). Metres above sea level are indicated and numthe population genetic structure and history of A. punctulatus in
PNGand the Solomon Islands using extensive larval collections to
investigate regional levels of population structure. Our working
hypothesis is that A. punctulatus is undergoing a range and popula-
tion expansionwithin PNG andwe employed various genetic mark-
ers that undergo differing modes and rates of evolution.
Firstly we utilised the rDNA repetitive gene family second inter-
nal transcribed spacer (ITS2) locus. This multicopy gene region
evolves through a non-Mendelian manner and is used to identify
over 10 Punctulatus Group members to species level (Beebe and
Saul, 1995). The presence of intragenomic copy variants within the
rDNA gene family combinedwith the reduced recombination of this
loci can allow for the qualitative assessment of population structure
due to the presence of intraspeciﬁc genotypes that have been useful
in observing genetic discontinuity in other Anopheles spp. in the
region (Beebe et al., 2000b, 2001; Alquezar et al., 2010). Secondly,
we evaluated sequence data from the maternally inherited mtDNA
cytochrome oxidase I gene (COI), which has been widely used in
phylogeographic studies. Thirdly, we assessed nuclear (nDNA)
markers that evolve in a standard Mendelian manner, including
sequence data from a single copy nuclear exon primed intron cross-
ing (EPIC) marker as well as 12 novel microsatellite markers that
were developed from 454 next generation sequencing.2. Materials and methods
2.1. Mosquito collections
Allmosquitomaterial in this study came fromsurveys conducted
throughout the main island of PNG, Buka Island (PNG; north of the
Solomon Islands), and Guadalcanal Island (central Solomon Islands)
(Beebe et al., 2000a; Cooper and Frances, 2002; Cooper et al., 2002).
As A. punctulatus cannot be collected using standard CO2 baited
traps, thesemosquitoeswere collectedusinghuman landingcatches
and larval collections from 87 sites (Fig. 1, Table 1). To reduce the
chance of sampling siblings, only a few individuals per site were
selected and the number of larval sampling sites was increased. All
larvae were reared to adults and stored frozen, in alcohol, or
desiccated on silica gel. Adult mosquitoes were initially sorted into
Punctulatus Group members (A. farauti, A. koliensis and A. punctula-ic regions are outlined in the inserted map and designated as follows for Papua New
), Gulf Region (GR), Buka Island, Bougainville Province, Papua New Guinea (BU) and
bers indicate mosquito collection sites in Table 1.
Table 1
Anopheles punctulatus sampling and data summary for this study.
Map site Region/year Site n Latitude Longitude COI rpS9 Msats
1 GR92 61 4 6.19072 141.4453 4 3
2 GR94 98 5 6.53881 143.1974 5 3 2
3 GR94 100 5 6.49007 144.8199 5 3 2
4 GR94 15 5 7.42522 144.2506 4 1 2
5 GR94 1 2 7.95928 145.7706 2
6 GR94 2 2 7.96017 145.7688 2
7 GR94 4 3 7.96107 145.7661 1 1 2
8 GR94 5 8.00103 145.82675 2
9 GR94 6 5 8.02133 145.9746 2
10 GR94 39 2 7.69329 145.4587 2
11 GR94 42 2 7.65761 145.6011 2
12 GR94 55 2 7.97014 145.7733 2
13 GR98 56 4 7.8001 146.1338 2
14 GR98 5 5 8.04931 145.9509 5 4 2
15 CP97 50 2 8.69189 146.7564 2
16 CP97 79 2 8.62951 146.8155 2
17 CP97 2 5 9.31872 147.2104 5 4 2
18 CP97 4 5 9.30877 147.2103 5 4 2
19 CP97 92 2 9.41518 147.5219 2
20 CP97 130 2 10.0228 148.4717 2
21 CP97 158 2 10.0692 148.6152 2
22 CP97 163 1 9.93989 148.4121 1
23 CP97 164 2 9.94799 148.4212 2
24 CP97 165 1 9.96613 148.4094 1
25 CP98 90 4 9.87938 149.0938 4 2
26 CP98 94 1 10.204 149.6952 1
27 CP98 32 2 9.66803 150.7873 2
28 CP98 167 4 9.34564 148.2184 2
29 CP98 123 2 8.9179 147.9123 1
30 CP98 126 2 8.7561 148.1964 2
31 CP98 133 2 8.84564 148.4486 2
32 CP98 138 1 8.78584 148.2274 1
33 CP98 139 4 8.74868 148.2546 2
34 CP98 153 2 8.71155 148.2699 2
35 CP96 154 5 8.11847 147.865 4 2 1
36 CP96 150 4 8.0934 147.7397 2
37 CP98 147 2 7.89866 147.1397 2
38 LR96 83 5 7.0728 147.0462 5 3 2
39 LR96 85 5 7.08728 147.0109 2
40 LR96 18 2 6.68561 146.8362 2
41 LR96 34 5 6.68288 147.2063 2
42 LR96 35 5 6.69376 147.1303 1
43 LR96 48 2 5.85376 145.7282 2
44 LR96 53 5 6.12574 146.0456 5 3 2
45 LR96 73 5 6.57525 146.8498 1
46 LR96 74 5 6.57253 146.8218 1
47 LR96 75 5 6.57615 146.8209 2
48 LR96 113 5 6.25454 146.2732 2
49 LR96 124 5 7.20194 146.5471 1
50 LR96 159 5 6.36351 146.7061 1
51 LR96 168 10 6.18768 147.6707 5 3 1
52 LR96 169 6 6.20577 147.6716 1
53 LR96 185 5 5.98633 146.7804 5 4
54 LR96 1 5 6.64131 146.9774 2
55 LR96 3 5 6.62322 146.9539 2
56 LR96 17 2 6.64041 146.9837 1
57 MP95 5 2 5.29396 145.7501 2
58 MP95 6 2 5.28947 145.7628 2
59 MP95 11 2 5.30205 145.7267 2
60 MP95 13 2 5.41963 145.7255 2
61 MP95 48 2 5.4685 145.739 2
62 MP95 49 2 5.44225 145.7291 2
63 MP95 64 2 5.42108 145.5667 2
64 MP95 65 2 5.40588 145.6416 2
65 MP95 105 2 5.26751 145.6428 1
66 MP95 107 2 5.2385 145.6131 2
67 MP95 115 2 5.28272 145.5715 2
68 MP95 140 5 5.15412 145.4942 2
69 MP95 70/71a 6 5.28852 145.7429 2
70 MP95 82–85a 2 5.26044 145.7195 2
71 MP95 58 5 3.82006 143.9475 5 3 2
72 MP95 67 2 3.82185 143.9511 2
73 MP95 21 5 4.09152 143.5633 2
74 SR93 26 2 4.14264 141.2604 2
(continued on next page)
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Table 1 (continued)
Map site Region/year Site n Latitude Longitude COI rpS9 Msats
75 SR93 13 5 3.60045 141.7681 5 4 2
76 BU99 2 6 5.0313 154.6516 5 3 2
77 BU99 12 5 5.13713 154.641 3 3 2
78 BU99 25 4 5.24479 154.626 3 2 2
79 BU99 36 5 5.31361 154.5891 5 1 2
80 BU99 51 5 5.42113 154.6228 3 1 2
81 GU99 8 10 9.51698 160.0997 9 10 2
82 GU99 12 4 9.49102 160.2854 3 3 2
83 GU99 13 9 9.47358 160.3546 9 9 4
84 GU99 14 1 9.46993 160.3646 1 1
85 GU99 21 5 9.47679 160.4557 5 5 2
86 GU99 9 1 9.440191 160.073016 1 1
87 GU99 10 1 9.466499 160.045772 1 1
COI, cytochrome oxidase subunit I; rpS9, ribosomal protein S9; Msats, microsatellites; GR, Gulf Region (Papua New Guinea (PNG)); CP, Central Province (PNG); LR, Lae Region
(PNG); MP, Madang Province (PNG); SR, Sepik Region (PNG); BU, Buka Island, Bougainville Province (PNG); GU, Guadalcanal Island (Solomon Islands).
a Separate larval sites in close proximity.
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were identiﬁed to species by PCR-restriction fragment length poly-
morphism (PCR-RFLP) (Beebe and Saul, 1995).
2.2. rDNA ITS2 genotyping
The undigested ITS2 PCR products were used to genotype mos-
quitoes identiﬁed as A. punctulatus by running PCR products
through a native PAGE gel (Beebe et al., 2001). Native acrylamide
gels are sensitive to double-stranded duplex formation with het-
eroduplexes (duplex mispairings generated through annealing of
ITS2 copy variants) migrating slower than homoduplexes (no
mispairing). This generates multiple banding proﬁles and permits
a qualitative assessment of major differences in ITS2 copy variants
ampliﬁed in individual PCR products (Beebe et al., 2000b, 2001;
Alquezar et al., 2010).
2.3. mtDNA COI and nDNA rpS9 DNA sequencing and analyses
A 527 bp segment of the mtDNA COI from the individuals PCR
identiﬁed as A. punctulatus were PCR ampliﬁed and sequenced
(Ambrose et al., 2012). For the single-copy ribosomal protein S9
(rpS9) a 430 bp region was ampliﬁed from these individuals and
sequenced (Ambrose et al., 2012). Pseudo-haplotypes of the nucle-
ar locus were inferred using the program PHASE, implemented in
DNAsp v5 (Rozas et al., 2003). Recombination was assessed using
the program RPD3 (Martin et al., 2010).
Haplotype networks were constructed using TCS 1.21 (Clement
et al., 2000) under a 95% connection limit. DNAsp v5 (Librado and
Rozas, 2009) was used to estimate haplotype diversity and nucle-
otide diversity, as well as to test for neutrality using Tajima’s DTable 2
Anopheles punctulatus microsatellite primer sequences developed and a
Name Forward primer
DI-22 50-GTAAAACGACGGCCAGAAGTCTTCCGCGTA
DI-26 50-GTAAAACGACGGCCAGCGGAAGCAAGAATC
DI-27 50-GTAAAACGACGGCCAGGCCATTAGCGTATC
DI-38 50-GTAAAACGACGGCCAGGTGTAGCAGTGCTC
DI-40 5’-GTAAAACGACGGCCAGCCGATTATCGTCGTG
TRI-25 50-GTAAAACGACGGCCAGCGTATCGGGTTCAC
TRI-28 50-GTAAAACGACGGCCAGTGGGACACTGGATG
TRI-33 50-GTAAAACGACGGCCAGTGAGCCACTGTCTTC
TRI-49 50-GTAAAACGACGGCCAGCCATTGCGTTCGAA
TRI-59 50-GTAAAACGACGGCCAGGTGAATCGCTCGAG
TRI-61 50-GTAAAACGACGGCCAGATTTGGTGGAGGTT
TETRA-66 50-GTAAAACGACGGCCAGGAACAGCGCTTCGG(Tajima, 1989) and Fu’s Fs (Fu, 1997) for each locus. BEAST v1.7
(Drummond et al., 2012) was employed to generate a Bayesian
phylogenetic tree for the COI locus using 117 sequences and two
sequences of A. koliensis as an outgroup. An HKY+G model was se-
lected as the most appropriate phylogenetic model based on anal-
ysis in Jmodel test v0.1.1 (Guindon and Gascuel, 2003; Posada,
2008) and a coalescent speciation model with variable population
size was applied. After an initial run of 2 million generations to
optimize operators and starting priors, our ﬁnal run of BEAST
was 20 million generations long, sampling every 1000 generations.
Tracer v1.5 (Drummond and Rambaut, 2007; http://beast.bio.ed.a-
c.uk/Tracer) was employed to assess whether effective sample size
(ESS) values of parameters estimated by BEAST were above 200, as
recommended by the developers. TREEANOTATOR v1.7.3 (Rambaut
and Drummond, 2007; http://beast.bio.ed.ac.uk/TreeAnnotator)
was used to calculate the maximum clade credibility tree, and Fig-
Tree v1.31 (Rambaut and Drummond, 2012; http://tree.bio.ed.a-
c.uk/software/ﬁgtree/) was used to visualize and edit the
phylogenetic tree.2.4. Microsatellite design and ampliﬁcation
Primers for microsatellite analysis were obtained from 454
pyrosequencing data of the genomic DNA of A. punctulatus. For
the 454 pyrosequencing, DNA was extracted using a QIAGEN
DNeasy Blood & Tissue Kit, (Qiagen, Hilden, Germany). Genomic
DNA was then puriﬁed and sequenced by an external contractor,
Macrogen (Macrogen, Geumchun-gu, Seoul). The Software MSAT-
COMMANDER (Rozen and Skaletsky, 2000; Faircloth, 2008) was
employed to mine sequences containing microsatellites and to de-
sign primers for the ampliﬁcation of these microsatellite markers.ssessed in this study.
Reverse primer
TTCTTCC-30 50-CGAGAACGCAAATCTCATGC-30
TACAAACC-30 50-ATCACACTCTGAAGCTTTGCG-30
GACGAG-30 50-CGCCAACAGCAAGGTAAGTC-30
CTTCCAG-30 50-GCGTGCCGCACTAGTTTC-30
TGTACC-30 50-GAGCGGAATAATGAGCAAAGG-30
CTTCAG-30 50-AGTACGACTTTCCGGTCGTG-30
GAAGAG-30 50-CCTGCTCAATACCGTAACCG-30
ACTCG-30 50-CGTCTGGCGTAGCGAATAAT-30
CTTCTG-30 50-CCCAACCTCTCCAACAACAG-30
AAGACG-30 50-CCTTCTTGCAGCTGATGTTG-30
TCGATG-30 50-CTTTCAAGAGACACCGCTCG-30
TAACAG-30 50-GATGTATCGCTTGCGGTGTA-30
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primers was selected (listed in Table 2). A total of 199 A. punctula-
tus samples from 87 sites were genotyped.
Each locus was ampliﬁed by PCR using ﬂuorescently labeled for-
ward primers. The ﬁnal PCR mixture contained 1 Taq buffer II,
2.5 mM MgCl2, 0.125 mM of each deoxynucleotide triphosphate,
0.4 lM of each primer, 0.5–1.0 unit of Taq polymerase and 5.0–
10.0 ng of extracted genomic DNA (1 ll of extraction). The cycling
involved an initial denaturation of 95 C for 3 min, then 13 cycles
of 95 C for 30 s, 56 C for 40 s with a gradient decrease of 0.5 C/
cycle, and 72 C for 30 s, followed by 25 cycles of 95 C for 30 s,
50 C for 40 s and 72 C for 30 s, and a ﬁnal 72 C for 5 min using
minimum transition times. Ampliﬁed PCR products were cleaned
from leftover primers using enzymes (Antarctic phosphatase and
Exonuclease I) (New England Biolab, Massachusetts, USA) and gen-
otyped by an external contractor (Macrogen). Microsatellite frag-
ment sizes were manually called in the program GeneMarker
(Softgenetics (Holland and Parson, 2011)).2.5. Microsatellite analysis
2.5.1. Population genetics parameters, Hardy–Weinberg Equilibrium
(HWE) and linkage disequilibrium
Genetic distances and allele frequencies were analyzed in Gen-
AlEx v6.41 (Peakall and Smouse, 2006). Genetic diversity parame-
ters were calculated for each A. punctulatus population (region) –
as well as for each island (PNG, Buka and Guadalcanal) – which in-
cluded number of observed (Na) and effective (Ne) alleles per lo-
cus; observed (Ho) and expected heterozygosity (He); unbiased
expected heterozygosity (UHe); and the Fixation index (F). Devia-
tions from HWE were also calculated in GenAlEx (Peakall and
Smouse, 2006) and linkage disequilibrium between loci was tested
for in FSTAT, and the signiﬁcance value threshold corrected for
multiple comparisons (Goudet, 2002; http://www2.unil.ch/pop-
gen/softwares/fstat.htm).2.5.2. Population structure: Bayesian clustering and principle
coordinate analysis (PCA) of genetic relatedness
The Bayesian program STRUCTURE v2.2 was used to infer the
most likely number of genetic clusters (K) present in our microsat-
ellite data (Pritchard et al., 2000). A series of simulations were run
with K ranging from 2 to 8 and ﬁve iterations per value of K. Each
run was 3,000,000 generations in length with a burn-in of 500,000
generations. An admixture model with correlated allele frequen-
cies was used and six geographic regions were used as sampling
location priors which are shown by colour in Fig. 1. The Evanno
method (Evanno et al., 2005) was then implemented in STRUC-
TURE Harvester (Earl and vonHoldt, 2012) to determine the most
probable value of K obtained from our STRUCTURE run. In addition
to this, a matrix of genetic distances between individuals was gen-
erated in GenAlEx on which a PCA was performed. Individuals were
coloured by region in the resultant plot, allowing for visualization
of genetic relatedness.2.5.3. Pairwise FST analyses (all markers)
Based on the groups inferred by the STRUCTURE analysis and
that are supported by previously identiﬁed phylogeographic
breaks (Ambrose et al., 2012), individuals were pooled by geo-
graphic regions as shown in Fig. 1. Pairwise FST analyses between
these regions were performed for all markers in the program Are-
quin v3.5 (Excofﬁer and Lischer, 2010). The signiﬁcance of the val-
ues obtained in these comparisons was assessed using a
permutation test, also implemented in Arlequin.3. Results
3.1. Population genotyping using ITS2 PCR-heteroduplex analysis
The PCR ampliﬁcation of the rDNA ITS2 region produced a single
band of approximately 700 bp that, when cut with restriction en-
zyme MspI, produced the A. punctulatus-speciﬁc diagnostic band
proﬁle (Beebe and Saul, 1995). Visualization of the uncut ITS2 PCR
product on a 7% native polyacrylamide gel revealed the presence
of distinct intra-individual ITS2 copy variants that manifest as
slowermigrating heteroduplex proﬁles (Fig. 2A). In almost all cases,
the same copy variant proﬁles were identiﬁed in all individuals
within sites, suggesting interbreeding populations (Alquezar et al.,
2010). Overt variation in banding proﬁles (copy variant organiza-
tion) couldbe observedbetween individuals fromthePNGmainland
(lanes 1–6, Central Province, Gulf Region, Lae Region, Madang Prov-
ince and Sepik Region) and individuals fromBuka Island (lane 7) and
Guadalcanal Island (lane 8). Within PNG only subtle differences in
copy variant duplex proﬁles could be observed, making it difﬁcult
to identify distinct genotypes. Individuals from Central Province
and theGulf Region shared a slowermigrating bandnot seen in indi-
viduals from the Lae, Madang and Sepik regions.
3.2. Sequence analysis
3.2.1. Mitochondrial COI
The PCR ampliﬁcation of the mitochondrial COI region produced
a single band, approximately 600 bp in length, consistent through-
out all A. punctulatus samples. For quality assurance, all mtDNA COI
nucleotide sequences were translated into amino acid sequences
and no stop codons were found in the reading frame of any se-
quence. The 641 bp edited sequence alignment contained 27 vari-
able sites and 21 unique haplotypes (GenBank Accession Nos.
KC410575 – KC410691). Nucleotide and haplotype diversity esti-
mates revealed Pi = 0.00464 and Hd = 0.811, respectively. Fu’s Fs
and Tajima’s D tests of deviation from neutrality were signiﬁcant
for Fu’s Fs but non-signiﬁcant for the Tajima’s D test across all
mainland PNG populations. These populations had a signiﬁcantly
negative Fu’s Fs value that is indicative of excessive rare alleles rel-
ative to the neutral expectation – this is a trademark of recent pop-
ulation expansion (Fu’s Fs = 14.15, P < 0.02 and Tajima’s
D = 2.12, P > 0.05).
3.2.2. Nuclear DNA rpS9
The PCR ampliﬁcation of the rpS9 nDNA region produced a sin-
gle band, approximately 500 bp in length and consistent through-
out all samples. The edited sequence was 435 bp long with one
insertion/deletion (indel) at nucleotide 251 (GenBank Accession
No. KC410692 – KC410776). The intron was approximately 207
nucleotides in length (approximately nucleotides 105–312). The
sequence alignment contained 19 variable sites and 30 unique
haplotypes after Phase separation, with a nucleotide and haplotype
diversity of Pi = 0.01371 and Hd = 0.868, respectively. No evidence
of recombination within the locus was found. Fu’s Fs and Tajima’s
D tests of deviation from neutrality were signiﬁcant for Fu’s Fs but
not signiﬁcant for Tajima’s D, across all mainland PNG populations.
As with the COI locus Fu’s Fs values are negative, indicating evi-
dence of a recent population expansion (Fu’s Fs = 15.2, P < 0.02,
and Tajima’s D = 0.36, P > 0.10).
3.3. Microsatellite analysis
3.3.1. Allele frequency
All 12 microsatellite loci displayed high levels of polymorphism.
The total number of alleles (Na) (Table 3) ranged from 7 (DI-38 and
AB
Fig. 2. Nuclear ribosomal DNA and mitochondrial DNA reveal genetically and geographically structured populations within Anopheles punctulatus. (A) rDNA second internal
transcribed spacer genotyping. Native PAGEs of individual PCR products show second internal transcribed spacer copy variant heteroduplexes migrating slower than non-
variant homoduplexes, generating genotypes that can reveal genetic discontinuity within populations. Lane 1 (100 bp ladder), lanes 2–3 represent common proﬁles from
Central Province and Gulf Region, respectively that share a slower migrating band not seen in individuals from Lae Region (lane 4), Madang Province (lane 5) or Sepik Region
(lane 6). Distinct genotype proﬁles were found on Buka Island, Bougainville Province (Papua New Guinea) (lane 7) and Guadalcanal Island, Solomon Islands (lane 8). (B)
Bayesian phylogenetic tree of mtDNA cytochrome oxidase I sequences also reveal distinct groupings for mainland Papua New Guinea (Central Province, Gulf Region, Lae
Region, Madang Province and Sepik Region), Buka Island and Guadalcanal Island. Posterior probabilities are shown at major nodes. Anopheles koliensis from the Punctulatus
Group is the outgroup taxa.
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sessed at a broad geographical level (i.e. mainland PNG, Buka Is-
land and Guadalcanal Island), the total number of alleles (Na) per
population ranges from mean ± S.D. = 14.58 ± 5.52 or 100% poly-
morphism, mean ± S.D. = 3.25 ± 1.48 or 83.33% polymorphism and
mean ± S.D. = 3.17 ± 1.64 or 83.33% polymorphism, respectively.
Effective alleles (Ne) per locus across all populations was lower
than the total number of alleles (Na), suggesting lower genetic
diversity than expected.
3.3.2. Heterozygosity and ﬁxation index
Heterozygosity was lower than expected across mainland PNG
populations (Table 3), indicating low genetic diversity. Buka Island
and Guadalcanal Island populations showed a higher than ex-
pected heterozygosity, indicative of a stable population (Nei,
1973). The Fixation Index (F) (Table 3), also known as the Inbreed-
ing Coefﬁcient, was positive but less than 1 for mainland PNG
(0.11–0.46), suggesting slight inbreeding under random mating
conditions (Peakall and Smouse, 2006); for Buka Island and Gua-
dalcanal Island, the F index was negative (0.74 to 0.01), sug-
gesting a slight selection for heterozygotes (Peakall and Smouse,
2006).
3.3.3. HWE and linkage disequilibrium
Of the 12 tests conducted on populations from mainland PNG,
11/12 (92%) violated the HWE (after Bonferroni Correction: see
Supplementary Table S1). Guadalcanal Island had 1/10 (10%) lociviolating HWE (after Bonferroni Correction) and two loci were
monomorphic. Buka Island had 0/10 (0%) loci violating HWE (after
Bonferroni Correction) and also showed two monomorphic loci.
None of the loci used were found to be in linkage disequilibrium
following correction for multiple allelic comparisons.
3.4. Phylogeography, genetic structure and gene ﬂow
3.4.1. Mitochondrial COI phylogeny
A Bayesian phylogenetic analysis of the COI locus produced a
maximum clade credibility tree that supported the presence of
three distinct monophyletic groups: one from mainland New Gui-
nea, one from Buka Island and one from Guadalcanal Island
(Fig. 2B). Posterior probability values showed strong support
(>0.90) for the monophyly of Buka Island’s populations, but rela-
tionships between the three major groups is unresolved due to
low support values on deeper nodes (<0.90).
3.4.2. Haplotype network: mitochondrial COI
The COI haplotype network of 117 individuals from 27 sites
(Fig. 3A) reveals no apparent genetic structure within mainland
PNG. The bulk of New Guinean samples possess a shared common
haplotype, and several minor haplotypes sampled from PNG differ
from this common haplotype by one mutation, suggesting a possi-
ble population bottleneck followed by a recent range and popula-
tion expansion. However, marked geographic structure is evident
between mainland PNG, Buka Island and Guadalcanal Island. The
Table 3
Anopheles punctulatus microsatellite summary statistics.
Pop DI-22 DI-26 DI-27 DI-38 DI-40 TRI-25 TRI-28 TRI-33 TRI-49 TRI-59 TRI-61 TET-66 Mean ± S.D.
PNG N 133 129 141 126 136 137 114 119 119 125 141 126 128.83 ± 8.92
Na 19 24 13 7 22 7 17 10 15 14 17 10 14.58 ± 5.52
Ne 6.09 6.79 5.36 1.55 8.64 1.58 7.82 3.12 2.31 3.56 3.25 1.39 4.29 ± 2.56
Ho 0.74 0.54 0.55 0.27 0.79 0.31 0.68 0.48 0.45 0.6 0.38 0.24 0.5 ± 0.18
He 0.84 0.85 0.81 0.36 0.88 0.37 0.87 0.68 0.57 0.72 0.69 0.28 0.66 ± 0.22
UHe 0.84 0.86 0.82 0.36 0.89 0.37 0.88 0.68 0.57 0.72 0.7 0.28 0.66 ± 0.22
F 0.11 0.36 0.33 0.24 0.11 0.14 0.22 0.3 0.2 0.17 0.46 0.15 0.23 ± 0.11
GU N 13 12 12 13 13 13 13 12 13 13 13 13 12.75 ± 0.45
Na 4 4 5 1 6 1 3 2 2 2 5 3 3.17 ± 1.64
Ne 1.5 2.22 3.39 1 4.63 1 2.33 1.18 1.08 1.9 3.67 2.13 2.17 ± 1.18
Ho 0.39 0.5 0.92 0 0.69 0 0.39 0.17 0.08 0.77 0.62 0.92 0.45 ± 0.48
He 0.33 0.55 0.71 0 0.78 0 0.57 0.15 0.07 0.47 0.73 0.53 0.41 ± 0.29
UHe 0.35 0.57 0.74 0 0.82 0 0.59 0.16 0.08 0.49 0.76 0.55 0.43 ± 0.3
F 0.16 0.09 0.3 Nil 0.12 Nil 0.33 0.09 0.04 0.63 0.15 0.74 0.13 ± 0.33
BU N 10 7 10 10 10 10 10 10 10 10 10 10 9.75 ± 0.87
Na 3 2 4 1 6 3 5 3 1 3 4 4 3.25 ± 1.48
Ne 2.06 1.96 2.99 1 4.44 2.17 4.17 1.8 1 2.74 2.67 2.94 2.5 ± 1.07
Ho 0.7 0.29 0.7 0 0.9 0.2 0.9 0.5 0 0.7 0.7 0.9 0.54 ± 0.34
He 0.52 0.49 0.67 0 0.78 0.54 0.76 0.45 0 0.64 0.63 0.66 0.51 ± 0.26
UHe 0.54 0.53 0.7 0 0.82 0.57 0.8 0.47 0 0.67 0.66 0.7 0.54 ± 0.27
F 0.36 0.42 0.05 Nil 0.16 0.63 0.18 0.12 Nil 0.1 0.12 0.36 0.04 ± 0.32
PNG, Papua New Guinea; GU, Guadalcanal Island, Solomon Islands; BU, Buka Island, Bougainville Province (PNG); N, locus by locus sample size; Na, number of alleles; Ne,
effective number of alleles; Ho, observed heterozygosity; He, expected heterozygosity; UHe, unbiased heterozygosity; F, Fixation Index.
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be most distantly related to mainland PNG samples (ﬁve muta-
tional steps or <1%), while two distinct haplotypes were sampled
from Buka Island, one of which is only two mutational steps from
a PNG haplotype. Almost all haplotype diversity (85%) occurs in
mainland PNG.A
Fig. 3. Anopheles punctulatus haplotype networks. (A) The mtDNA cytochrome oxidase I
Guinea (Central Province, Gulf Region, Lae Region, Madang Province and Sepik Region)
(Solomon Islands). (B) The nDNA ribosomal protein S9 haplotype network shows clear p
Island with Buka Island nested within the Papua New Guinea sequences. The number
represent single mutational steps.3.4.3. Haplotype network: nDNA rpS9
The rpS9 haplotype network of 85 individuals from 33 sites re-
veals more haplotype diversity within PNG than the COI locus, but
overt genetic or geographic structure within mainland PNG was
not apparent and there is less distinction between the PNG and is-
land populations (Fig. 3B). The Buka Island population is nestedB
network reveals clear population genetic structure between mainland Papua New
, Buka Island (Bougainville Province – Papua New Guinea) and Guadalcanal Island
opulation genetic structure between mainland Papua New Guinea and Guadalcanal
of samples is reﬂected by the diameter of the circle (bottom left) and connections
832 I.M. Seah et al. / International Journal for Parasitology 43 (2013) 825–835within the mainland PNG group, sharing all three of its haplotypes
with PNG, while the Guadalcanal Island population appeared more
distinct but still shared three of its seven haplotypes with main-
land PNG.3.4.4. PCA (microsatellites)
The PCA graph shows genetic relatedness in two dimensions be-
tween individuals ﬁrst identiﬁed regionally (Gulf Region (GR), Lae
Region (LR), Madang Province (MP), Central Province (CP), Sepik
Region (SR), Buka Island (BU) and Guadalcanal Island (GU);
Fig. 4A) and then by island (PNG, BU and GU; Fig. 4B). From this,
it is clear that Guadalcanal was completely differentiated from
Buka Island and PNG, while Buka showed close afﬁnities to the
PNG populations. Within PNG no overt genetic structure was
observed.3.4.5. Bayesian STRUCTURE inference (microsatellites)
The optimal number of groups (K) inferred by STRUCTURE,
based on the Evanno method implemented in STRUCTURE Har-
vester (Evanno et al., 2005), was K = 4 (Fig. 4C). The bar plot for
K = 4 clearly deﬁnes genetically distinct populations on the islands
of Buka, Guadalcanal and PNG. However there appeared to be someA
B
C
Fig. 4. Population structure plots of 12 microsatellite markers on 199 Anopheles punctu
Papua New Guinea) and Guadalcanal Island, Solomon Islands (GU). (A and B) Principal co
from mainland Papua New Guinea (Central Province (CP), Gulf Region (GR), Lae Region (
Buka Island than to Guadalcanal Island. (C) A Bayesian STRUCTURE Plot using the genetic
New Guinea, Buka and Guadalcanal with some evidence of genetic stratiﬁcation betweeevidence of population structure within PNG with potential group-
ings of GR/CP and SP/MP/LR.3.4.6. Pairwise FST analyses
As described above, Pairwise FST analyses were performed be-
tween speciﬁed regions. All pairwise FST values were signiﬁcant ex-
cept for the comparison for the COI locus between the Gulf Region
and Central Province in PNG (Table 4). As expected, pairwise FST
values between regions within PNG are much lower than those be-
tween islands. The analyses do reveal signiﬁcant albeit weak ge-
netic structure between regions within PNG that are difﬁcult to
pick up in other analyses (except perhaps for the STRUCTURE anal-
ysis). Additionally, as observed in other analyses, Buka Island ap-
pears more closely related to New Guinean populations than
does Guadalcanal Island. Interestingly the highest FST values for
all loci are between the two islands.4. Discussion
The biogeography of New Guinea is complex and the island rep-
resents a biodiversity hotspot (Allison, 2007), with studies reveal-
ing varied phylogeoraphic patterns in terrestrial organisms
(Rawlings and Donnellan, 2003; Murphy et al., 2007). The islandlatus individuals from Papua New Guinea, Buka Island, Bougainville Province (BU,
ordinate analyses coloured by geographic regions (A) and by islands (B). Populations
LR), Madang Province (MP) and Sepik Region (SR)) reveal closer genetic afﬁnities to
clusters value K = 4. Three well-deﬁned populations are observed – mainland Papua
n regions in Papua New Guinea.
Table 4
Anopheles punctulatus FST values between populations on mainland Papua New
Guinea, in Bougainville Province (Papua New Guinea) and Guadalcanal (Solomon
Islands).
FST values
GR CP LR SR/MP GU BU
COI
GR –
CP 0.03211 –
LR 0.04653 0.09474 –
SR/MP 0.09930 0.16132 0.08472 –
GU 0.88849 0.95897 0.91670 0.87826 –
BU 0.72136 0.86790 0.77261 0.64691 0.99127 –
rpS9
GR –
CP 0.03183 –
LR 0.07839 0.05811 –
SR/MP 0.04070 0.09681 0.16189 –
GU 0.69890 0.70205 0.55650 0.77742 –
BU 0.21543 0.11506 0.19958 0.26996 0.78820 –
Msat
GR –
CP 0.03305 –
LR 0.02700 0.02247 –
SR/MP 0.02699 0.02340 0.01057 –
GU 0.26673 0.20559 0.22586 0.21937 –
BU 0.16699 0.13073 0.13273 0.13602 0.23029 –
Bold values are not signiﬁcant.
COI, cytochrome oxidase subunit I; rpS9, ribosomal protein S9; Msat, microsatellite;
GR, Gulf Region; CP, Central Province; LR, Lae Region; MP, Madang Province; SR,
Sepik Region; BU, Buka Island, Bougainville Province (PNG); GU, Guadalcanal Island,
Solomon Islands.
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Orient (Gressitt, 1961) and the distributions of various taxa reveal
that the region contains many pockets of biological endemism
(VanWelzen, 1989; de Boer and Duffels, 1996). To the east, the Bis-
marck Archipelago, Solomon Islands and Vanuatu Islands each pos-
sess unique species (de Boer and Duffels, 1996). Today the climate
is tropical with most of the region continually hot and wet. How-
ever, a climatic disjunction exists in the southern lowland region
directly north of Australia’s Cape York as the continuous wet cli-
mate abruptly ends and a drier (monsoonal driven) climate with
distinct wet and dry seasons begins.
Our multi-locus data support A. punctulatus as a single species,
as identiﬁed by the ITS2 diagnostic PCR (Beebe and Saul, 1995).
There is however very clear genetic separation between A. punctul-
atus from mainland PNG, Buka Island and Guadalcanal Island. Buka
Island shows stronger genetic afﬁnities to PNG, most likely due to
its closer geographic proximity and connectivity through the Bis-
marck Archipelago. Sequence and microsatellite data shows evi-
dence of some genetic structure within PNG as evidenced by
signiﬁcant FST values and Bayesian clustering analyses which
somewhat agree with previously established regional phylogeo-
graphic patterns (Beebe et al., 2000b; Ambrose et al., 2012). In con-
trast to previous observations, the strongest genetic break in New
Guinea appears to occur between the Gulf Region-Central Province
(GR/CP) in the south and east of PNG and the northeastern regions
of Lae Region/Madang Province/Sepik Region (LR/MP/SR) (based on
the microsatellite Bayesian analysis, (Fig. 4C) and ITS2 heterodu-
plex genotyping (Fig. 2A, lanes 1–2 compared with lanes 4–6).
The relative weakness of the genetic structure suggests that there
may be some restricted gene ﬂow throughout New Guinea. The
data is also consistent with a historical population bottleneck fol-
lowed by a relatively recent population expansion across New Gui-
nea, with weak genetic stratiﬁcation starting to develop between
regions. Neutrality tests and the relatively low genetic diversity
that exists throughout mainland PNG provide additional evidence
of a recent population expansion.
As a point of comparison, a recent population genetic study on
two other members of the Punctulatus Group (A. hinesorum and A.
farauti) using the same mtDNA (COI) and nuclear (rpS9) markers,
revealed extensive population structure throughout PNG in both
species, with numerous distinct genetic lineages segregating into
geographic regions (Ambrose et al., 2012). Given the major physi-
cal barriers to gene ﬂow in PNG, one would expect higher levels of
genetic structure in A. punctulatus than we observed. This further
suggests that there may have been a population bottleneck in
PNG, followed by a recent range expansion. Given that this signa-
ture is not seen in other closely related species occurring in the
same region, it may have been the result of a recent colonisation
of New Guinea by A. punctulatus from elsewhere, rather than being
due to an environmentally induced population crash.
Neutrality tests derived from the both the mtDNA COI and
nDNA rps9 data suggest that A. punctulatus has indeed undergone
a recent population expansion in mainland PNG but not on Buka or
Guadalcanal Islands. The lack of strong regional differentiation in
New Guinea demonstrated by the fast evolving microsatellite
markers further suggests that there has been a recent range expan-
sion or that there are high levels of gene ﬂow across the landmass.
Traits facilitating this apparent expansion/movement are likely to
reside in the unique biology of this species. As A. punctulatus is
capable of colonising small transient rain-ﬁlled bodies of water
immediately after they appear (particularly human-made depres-
sions), the species potentially avoids competition from other mos-
quito species (Beebe and Cooper, 2002), which would facilitate
rapid invasion of new areas. Additionally, this phenotype can rap-
idly migrate along unsealed roads by utilizing water-ﬁlled wheel
ruts etc., as oviposition sites and can quickly move into new land-scapes disturbed by human activity (i.e. logging, mining and plan-
tation activities) (Charlwood et al., 1986; Spencer, 1992; Cooper
et al., 2002). There is evidence that A. punctulatus larvae can exist
in cooler temperatures, as they have been collected in PNG’s high-
lands up to 1700 m above sea level (Cooper et al., 2002), while also
showing a high thermal tolerance of up to 45 C (Lee et al., 1987).
Social changes via the design of more modern housing and urban
infrastructure (drainage ditches) may also facilitate this expansion
(Anthony et al., 1992; Mueller et al., 2002), and the future warming
climate projected for PNG (CSIRO, 2011) would likely increase the
occurrence of highland malaria due to the increased rate of para-
site development in the mosquito vector. However, this species’
expansion seems limited to areas of continuous rainfall as it ap-
pears unable to penetrate areas of southern New Guinea that have
a monsoonal climate where transient pools are unavailable during
the protracted dry season (Cooper et al., 2002). Additionally, soil
type (and its water-carrying capacity) appear to limit the species’
ability to establish itself: A. punctulatus is commonly found on
Buka Island with its clay-based soils, but not on the larger adjoin-
ing island of Bougainville where clay content is very low and there
is less propensity towards surface pools (Scott et al., 1967).
Anopheles punctulatus’ importance as a malaria vector derives
from its tendency to exist around and feed on humans, combined
with a longevity that permits the Plasmodium parasite to develop
within the mosquito. Through direct landscape modiﬁcation, hu-
mans appear to be providing a new ecological niche for this spe-
cies, as well as conduits for its movement between human
inhabited areas. An important malaria vector in the New Guinean
lowlands and Solomon Islands, it appears to be growing as the
dominant vector in the highlands of New Guinea (Bangs et al.,
1996; Mueller et al., 2002). However, its propensity to feed indoors
late in the evening (Slooff, 1964; Taylor, 1978) throughout its dis-
tribution facilitates good control through the indoor residue insec-
ticide spraying and insecticide impreginated bed nets that are
being implemented across PNG and the Solomon Islands (WHO,
834 I.M. Seah et al. / International Journal for Parasitology 43 (2013) 825–8352011). This follows the British government’s malaria eradication
campaign in the Solomon Islands during the 1960s–70s that saw
extensive indoor residue spraying with DDT – a control method
that acts on mosquitoes as they enter houses late in the evening
to feed on sleeping humans. This control tool dramatically reduced
populations of A. punctulatus in the Solomon Islands to the extent
that the species became difﬁcult to locate (Taylor, 1975b, 1978).
In summary, An. punctulatus is an important malaria vector in
the SWP region. Unlike other malaria vector species studied in
the area, it appears to have undergone a recent population expan-
sion in PNG with less pronounced population genetic structure evi-
dent compared with other closely related species. Populations on
Buka Island in Bougainville Province and on Guadalcanal Island
in the central Solomon Islands reveal two more genetically distinct
populations. The Buka Island population shows stronger genetic
afﬁnities to PNG, most likely due to its closer geographic proximity
and connectivity through the Bismarck Archipelago. In PNG, A.
punctulatus may be considered a weed malaria vector species that
is undergoing a contemporary range expansion with human-med-
iated factors assisting its dispersal and establishment. Regional
economic development leading to landscape modiﬁcation and
the replacement of village huts with more modern housing with
associated water drainage ditches may well provide new habitat
for this mosquito alongside human populations. Likewise, the
growth of unsealed roads in New Guinea provide A. punctulatus
with continuous corridors for adult movement and rapid gene ﬂow
of advantageous alleles into new areas including the New Guinea
highlands – with the increased potential for malaria in a warming
climate.
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